Abstract. DDT residues in the soil of an extensive salt marsh on the south shore of Long Island averaged more than 13 pounds per acre (15 kilograms per hectare); the maximum was 32 pounds per acre (36 kilograms per hectare). A systematic sampling of various organisms from the vicinity showed concentrations of DDT increasing with trophic level through more than three orders of magnitude from 0.04 part per million in plankton to 75 parts per million in a ringbilled gull. Highest concentrations occurred in scavenging and carnivorous fish and birds, although birds had 10 to 100 times more than fish. These concentrations approach those in animals dying from DDT poisoning, which suggests that many natural populations in this area are now being affected, possibly limited, by DDT residues. Similar concentrations America.
DDT residues (1) have become an intrinsic part of the biological, geological, and chemical cycles of the earth (2) and are measurable in air (3) , water (4) , soil (5) , man (6) , and even in animals from the Antarctic, many hundreds of miles from places where DDT has been applied (7, 8) . While the presence of residues does not prove an effect on living systems, the worldwide distribution of a substance as persistent and broadly toxic as DDT is itself reason to question whether residues are accumulating to toxic levels in certain populations. Accumulation occurs either through direct absorption from the environment or by concentration along food chains, and this latter phenomenon has been documented in several aquatic situations (9) . Such accumulations have been correlated with recent declines in populations of carnivorous birds (8, 10) and other organisms. Residues of persistent pesticides are now so widespread that they must be considered as potentially aggravating the problems of eutrophication by degrading populations of consumers.
We measured residues of DDT in the soils of a brackish marsh on the south shore of Long Island, New York, and in various organisms from the area. Results showed a high concentration of residues in the marsh and a systematic increase in DDT residues with increase in trophic level, thus providing an especially clear example of what has been called "biological magnification." In many cases the concentrations approached those in organisms known to have died of DDT poisoning, which suggests that DDT residues are currently reducing certain animal populations within the estuary.
The marsh from which soil samples 12 MAY 1967 have been reported elsewhere in North (11) . Analyses of samples to which measured quantities of DDT, DDE, and DDD, individually, had been added prior to extraction indicated recoveries averaging 96 percent. Analyses for DDT, DDE, and DDD were by electron-capture gas chromatography; certain identifications were confirmed by thin-layer chromatography (11) .
Residues of DDT in the Spartina marsh varied widely from less than 3 to more than 32 lb/acre ( Table 1 ). The mean concentration of the four samples from this marsh (each a composite of 6 cores) was 13.1 lb/acre. Slightly lower quantities occurred along the ditches, but total residues were still 1 to 5 lb/acre; submerged bay bottom contained 0.28 lb/acre. In all of these samples most of the residues (approximately 90 percent) occurred in the upper 4 cm of the profile. Residues were highly variable in relative proportions of DDT, DDE, and DDD. In general there was an increase in the proportion of DDE, and a decrease in DDT, with increase in depth. In the 0-to 2-cm samples, the mean DDE content was about 25 percent; in the 18-to 20-cm samples it was about 60 percent. Residues in the bottom of the bay contained only traces of DDT and DDD, the principal residue being DDE.
Thirty-nine samples of plants and animals from the vicinity were analyzed. Arrangement of the samples in sequence according to increasing concentration of DDT residues (Table 2) shows a progression according to both size and trophic level, larger organisms and higher carnivores having greater concentrations than smaller organisms and organisms at lower trophic levels. a million times greater than the concenTotal residues ranged through three or-tration in the water. ders of magnitude from 0.04 part per The shift in relative proportions of million (ppm) in plankton to 75 ppm DDT, DDE, and DDD with progresin a ring-billed gull. Shrimp contained sion in trophic level is also conspicuous. 0.16 ppm; eels, 0.28; insects from the Organisms containing high proportions marsh, 0.30; and mummichogs (Fundu-of DDT, as opposed to its metabolites, lus), 1.24 ppm. Among fish, the needle-are common at lower trophic levels; at fish, a carnivore, had the highest con-upper levels, most of the residue is tent, 2.07 ppm, about twice that of DDE. In most organisms, DDD and Fundulus, which forms part of its food. DDE are somewhat less toxic than In general, the concentrations of DDT DDT. residues in carnivorous birds were 10
The secondary effects of applications to 100 times those in the fish on which of DDT to marshes, streams, and forthey feed. Concentrations of DDT in ests are the subject of an extensive the waters of Great South Bay must be literature. Single applications in the assumed to be less than the 0.0012-ppm range of 0.1 to 0.3 lb/acre have resaturation limit, a reasonable estimate peatedly caused drastic reductions in probably being closer to 0.00005 ppm populations of crayfish, shrimp, amphi- (4, 12) . Based on this estimate, birds pods, isopods, annelids, fish, fiddler near the top of these food chains have crabs, blue crabs, and others, sometimes concentrations of DDT residues about with no recovery for years (13) . Aerial Table 2 . DDT residues (DDT+DDE+DDD) (1) (14, 15) . Applications of 1 to 5 lb/acre are known to have serious long-term effects on amphibians, fish, and birds (16) (17) (18) . While it is not true that residues distributed through 4 cm of highly organic soil are continuously available to the biota in the same degree as immediately after spraying, there is little question that residues in soil are leached by water, moved by erosion, and absorbed by mud-dwelling and mud-scavenging organisms. As a result of such processes, DDT residues in a marsh inevitably enter environmental cycles. Deleterious effects on wildlife from 13 lb/acre on the Carmans River marsh might therefore be expected. Detailed long-term observations have shown substantial reductions during the past decade in local populations of shrimp, amphipods, summer flounder, blue crab (Callinectes sapidus), spring peeper (Hyla crucifer), Fowler's toad (Bufo woodhousei fowleri), woodcock (Philohela minor), and various other species, known to be sensitive to DDT, that are indigenous to this area (13) (14) (15) (16) (17) (18) (19) . Other aspects of human disturbance unquestionably contribute to degradation of estuaries, but do not offer adequate explanations for all of these declines. This is especially true for declines in populations indigenous to marshes that have been remote from other disturbances (19) .
The concentration of DDT residues that affect animals in nature is difficult to appraise. Analyses of whole organisms, rather than of specific organs, are most representative of the degree of exposure to DDT, although correlation of such measurements with death is not precise. Nevertheless, broad correlations exist between whole-body concentrations and mortality (20) and are useful in appraising the hazards of residues in the estuary we sampled. For instance, fish of several species, known to have been killed by DDT, contained whole-body concentrations of 1 to 26 ppm, commonly averaging 4 to 7 ppm (18, 21) ; the concentrations reported for living fish in Table 2 lie between 0.17 and 2.07 ppm, within and somewhat below this apparently lethal region. Birds known to have died of DDT poisoning contained 30 to 295 ppm of DDT residues when analyzed as whole birds, the average for several species being about 112 ppm (17) ; the birds in our sample contained residues ranging from 1 to 75 ppm.
Living birds and fish that were analyzed in this study contained (17) . While the causes of such variability are not clear, its existence implies that mortality from DDT residues is now occurring in these populations through elimination of individuals at the upper end of the range of concentrations. This constant attrition or "cropping" process would be extremely difficult to detect, since it does not produce spectacular "kills," and dead individuals, widely scattered, tend to disappear rapidly (17, 22 12 MAY 1967 ants, and mice (23) . Evidence has linked chlorinated hydrocarbon residues with reduced reproduction in field populations of trout (24) , osprey, woodcock, bald (25) and golden eagles, peregrine falcon, and others (8, 10, 15) . Serious population declines have occurred for some of these species. Minute quantities of chlorinated hydrocarbons affect the patterns of behavior of goldfish and upset temperature-regulating mechanisms in salmon (26) . Such sublethal effects might be expected within the populations represented in Table 2 .
One important conclusion is that analyses of water have limited meaning when evaluating the effects of DDT residues on animal populations. Water can be expected to contain a lower concentration of DDT than other components of an ecosystem-quantities that are usually vanishingly small or "nondetectable" (4) . Even these very low concentrations may be important because natural mechanisms can concentrate residues many thousands of times. A better criterion of hazard from DDT pollution would be analyses of carnivores or other organisms that concentrate the residues.
Concentrations of DDT residues reported here are not unique to this marsh or even to Long Island. Observations from widely scattered fish and bird populations in North America show concentrations approximating those reported here (8, 9) , which suggests that DDT As a result of isolating many temperature-sensitive (t) and amber-type suppressible (su) mutants, six complementation groups have been found and designated I, II, IIIa, IlIb, IV, V. Groups I through IV were identified in the original experiments on S13 complementation groups (1) . At that time Illa and IlIb were recognized as separate categories by complementation tests between su mutants, but those tests gave low burst sizes, suggesting that there was intragenic complementation. However, the low burst sizes could be due to a polarity effect (2) (4) .
The new group was found by isolating ochre-type su mutants that are suppressible by the ochre suppressor Escherichia coli CA165 (5) . The ochre mutants were induced by treatment with hydroxylamine (6) to a survival of 0.45. The treated phage were plated on a derivative of strain CA165. This strain is normally not sensitive to S13, presumably because of failure to adsorb the phage, so the sensitive derivative CA165.2 was isolated by a method previously applied to other suppressing hosts (7, 8) .
We used ochre-type su mutants that grew on CA165.2 but not on the Escherichia coli strain C600.1 (an S13-sensitive derivative of the amber suppressor C600) nor on C 122 (nonsuppressing).
Complementation tests with C122 as the host were performed by the method of E. S. Tessman (1) . 
